INTRODUCTION
Neonates are highly susceptible to infection, which can result in longterm developmental disorders and even death. 1, 2 This susceptibility Abbreviations: CBMC, cord blood mononuclear cells; CCR4, C-C chemokine receptor type 4; CD71, transferrin receptor; CXCL5, C-X-C motif chemokine 5; HKLM, heat-killed Listeria monocytogenes; PTL, spontaneous preterm labor; PTNL, preterm without labor; TIL, spontaneous term labor; TNL, term without labor is partially due to the rapid transition from the sheltered environment in utero to the outside world, which results in exposure of the neonatal immune system to commensal organisms and pathogens. 1 The critical nature of this period is exacerbated by Th 2 -skewed adaptive immunity 3, 4 and a reliance on transferred maternal antibodies, 5 resulting in a dependence on innate immune mechanisms for protection. 6, 7 However, neonatal innate immune cells such as neutrophils, [8] [9] [10] [11] monocytes, 12, 13 and dendritic cells 14 disadvantages such as predisposing newborns to severe infection and weakening their response to vaccination. 2, 15 Particularly, preterm neonates are at a higher risk for infection than term neonates since a severe state of immunosuppression is observed at earlier gestations. 16 Neonatal immunosuppression has been attributed to the presence of circulating nucleated erythroid cells. [17] [18] [19] Such cells undergo expansion in midgestation and persist throughout pregnancy in mice. 18 Nucleated erythroid cells are maintained in the circulation throughout the neonatal period and diminish as age progresses in humans 20 and in mice. 19, 21 Nucleated erythroid cells express the general erythrocyte marker glycophorin A (or CD235a) 19, [21] [22] [23] as well as the transferrin receptor CD71, an antigen that is lost upon conversion to mature erythrocytes. 24 Previous studies indicated that CD71+ erythroid cells are partially responsible for immunosuppression of the neonatal immune system, 21 and that a reduction in the number and/or functionality of these cells is observed in preterm newborns. 25 A follow-up study claimed, however, that these reticulocytes have a limited role in reducing inflammation driven by microbial colonization. 26 Recently, we demonstrated that the number and frequency of CD71+ erythroid cells from neonates born to women who underwent spontaneous preterm labor (PTL) are similar to term neonates, but lower than those born to women who delivered preterm in the absence of labor. 27 The processes of preterm and term labor are associated with inflammation in the mother and at the maternal-fetal interface; [28] [29] [30] [31] therefore, we suggested that the reduction of neonatal CD71+ erythroid cells was associated with the physiologic (term labor) and pathologic (preterm labor) termination of pregnancy. 27 Yet, whether CD71+ erythroid cells from neonates born to mothers who underwent PTL are functionally distinct from CD71+ erythroid cells from those born at term is unknown.
The aims of this study were to determine whether CD71+ erythroid cells from neonates born to women who underwent PTL display a different mRNA profile compared to those from term neonates, and whether their combination with maternal mononuclear cells can regulate the release of cytokines through soluble factors and/or direct contact. In addition, we investigated whether the depletion of CD71+ erythroid cells from neonates born to women who underwent PTL can regulate neonatal innate and adaptive immune responses and compared such responses to those from women who underwent the physiologic process of term labor.
MATERIALS AND METHODS

Human subjects, clinical specimens, and definitions
Umbilical cord blood samples were obtained at the Detroit Medi- Table 1 . The fetal inflammatory response was assessed by histological examination of the placenta and the umbilical cord (Table 1) . A few cases presented mild or moderate fetal inflammatory responses in the TIL and PTL groups (Table 1) . No evidence of fetal inflammatory response was observed in the control groups (TNL and PTNL) ( Table 1) . Preterm birth was defined as delivery before 37 weeks of gestation, and term birth was defined as delivery at or after 37 weeks of gestation. Umbilical cord blood was collected at birth in ethylene diamine tetra-acetic acid (EDTA)-containing blood collection tubes by venipuncture of the umbilical vein and then transported to the laboratory for immediate use. Time-matched maternal blood samples were also collected for Transwell coculture assays.
Isolation of umbilical cord CD71+ erythroid cells
Umbilical cord blood was collected from neonates born to women from each study group [PTNL (n = 8), PTL (n = 10), TNL (n = 10), and TIL and a magnetic MACS separator (Miltenyi Biotec). The unbound mononuclear cells were then collected, washed in MACS buffer, and centrifuged at 500 g for 5 min, and depletion was confirmed by flow cytometry. The isolation of CD71+ erythroid cells was then performed as above using a biotin-conjugated CD71 antibody (BD Biosciences, San Jose, CA) and streptavidin-linked magnetic beads (Miltenyi Biotec) for positive selection with MACS columns. CD71+ cells were then manually counted using a hemocytometer, followed by centrifugation at 500× g for 5 min. Purity was assessed by flow cytometry using anti-CD3, anti-CD235a, and anti-CD71 antibodies (BD Biosciences). Cord blood CD71+ erythroid cells were identified as CD3-CD235a+CD71+ cells, and their purity was greater than 90% after each isolation. 
Transwell coculture assay
Umbilical cord blood was collected from neonates born to women from each study group [PTNL (n = 10), PTL (n = 11), TNL (n = 10), and TIL 
Multiplex immunoassay
The in Transwell coculture supernatants was measured using the Human TGF-Kit (Cat. #K151IUC-2; Meso Scale Discovery), according to the manufacturer's instructions. Plates were read using the SECTOR 2400 imager. A standard curve was generated, and the assay values of the samples were interpolated from the curve. The TGF-assay sensitivity was 0.1 pg/mL.
Ex vivo activation of T cells and myeloid cells
Umbilical 
Ex vivo expansion of neonatal conventional and regulatory T cells
Umbilical CBMCs were isolated from neonates born to women who underwent spontaneous preterm (PTL, n = 8) or term (TIL, n = 10) labor by density gradient, as described above. CD71-depleted and mockdepleted CBMCs were also obtained, as previously described. These cells were then resuspended in RPMI 1640 medium supplemented with 10% human AB serum and 1% penicillin/streptomycin antibiotic at a concentration of 2 × 10 6 cells/mL. CD71-depleted and mockdepleted CBMCs were placed into 96-well round bottom plates at a concentration of 2 × 10 5 cells/well and treated with or without anti-CD3 (0.2 g/mL) (eBioscience) and anti-CD28 (1 g/mL) (eBioscience)
antibodies. Next, cells were cultured for 4 days at 37 • C with 5% CO 2 .
Immediately after incubation, cells were collected for immunophenotyping of conventional (CD4+ and CD8+ T cells) and regulatory T cells (CD4+CD25+Foxp3+ T cells or CD8+CD25+FoxP3+ T cells)
by flow cytometry. The total number of conventional and regulatory T cells was determined using CountBright Absolute Counting Beads (Molecular Probes, Life Technologies, Eugene, OR, USA).
Flow cytometry
Immediately 
Statistical analysis
RESULTS
PTL-derived neonatal CD71+ erythroid cells display a similar mRNA profile to that of those from term neonates
We first compared the mRNA expression of inflammation-related genes between PTL-and TIL-derived neonatal CD71+ erythroid cells (Fig. 1A) . Differences between gestational age-matched nonlabor controls were also determined (PTNL and TNL) (Fig. 1A) . Our data revealed that PTL-derived neonatal CD71+ erythroid cells had a similar mRNA profile compared to those from TIL and TNL controls (Fig. 1B,   Supplementary Fig. 2 ). However, the mRNA profile of PTNL-derived neonatal CD71+ erythroid cells was modestly different compared to those from both TIL and TNL (Fig. 1B, Supplementary Fig. 2 ). The transcripts differentially expressed between the PTNL and TIL/TNL groups were the following: C-C motif chemokine ligand 5 (Ccl5), C-X-C motif chemokine ligand 5 (Cxcl5), C-X-C chemokine receptor type 2 (Cxcr2), and transforming growth factor beta 1 (Tgfb1) ( Fig. 2A) . Physiologically, it is also likely that umbilical cord CD71+ erythroid cells or maternal PBMCs modulate immune responses through soluble factors; therefore, these cells were cocultured in a Transwell system ( Fig. 2A ). There were striking differences in cytokine release between direct contact (referred to as Fig. 2B) , IL-1 (Fig. 2C) , and TNF-( Fig. 2B) , IL-1 (Fig. 2C) , and TNF- (Fig. 2D ) 
PTL-derived neonatal CD71+ erythroid cells modestly alter CD8+ T-cell activation
A previous report showed that the depletion of CD71+ erythroid T cells (Fig. 4C) .
Depletion of CD71+ erythroid cells from CBMCs reduced the frequency of stimulated PTL-derived neonatal CD8+ T cells expressing
CD62L, a surface marker downregulated upon late T-cell activation 38 ( Fig. 4D ), but no changes were observed in the frequency of CD4+CD62L+ T cells (Fig. 4E) . The expression of CD25, CD28, and
CD95 by neonatal T cells was not significantly altered by the depletion of CD71+ erythroid cells (data not shown). These data suggest that PTL-derived neonatal CD71+ erythroid cells modestly alter CD8+
T cell responses upon T-cell activation.
PTL-derived neonatal CD71+ erythroid cells inhibit conventional CD4+ and CD8+ T-cell expansion
We next assessed the effect of neonatal CD71+ erythroid cells on neonatal T-cell responses. CBMCs were depleted or mock depleted of CD71+ erythroid cells and the expansion of conventional CD4+ and CD8+ T cells was determined (Fig. 5A) . Depletion of CD71+ erythroid cells from PTL-derived cord blood samples resulted in an expansion of both neonatal CD4+ (Fig. 5B) and CD8+ ( 
PTL-derived neonatal CD71+ erythroid cells suppress the expansion of CD8+ regulatory T cells
A previous report suggested that CD71+ erythroid cells have immunosuppressive properties. 21 Since immunosuppression during pregnancy is largely mediated by regulatory T cells, [39] [40] [41] [42] [43] [44] we determined whether the depletion of CD71+ erythroid cells had an effect on the ex vivo expansion of regulatory T cells (Fig. 5A) . Depletion of CD71+ erythroid cells did not significantly alter the number of PTL-derived CD4+ regulatory T cells; yet, an expansion of such cells was observed upon T-cell activation via CD3/CD28 stimulation (Fig. 5D ). In contrast, depletion of CD71+ erythroid cells induced the expansion of PTL-derived CD8+ regulatory T cells in the absence of T-cell activation via CD3/CD28 stimulation (Fig. 5E ). Such an expansion was non-significant but greater upon CD3/CD28 stimulation (Fig. 5E ). No significant differences were observed in TIL-derived CD8+ regulatory T cells (Fig. 5E ). These results demonstrate that PTL-derived neonatal CD71+ erythroid cells suppress the expansion of CD8+ regulatory T cells, but do not have an effect on CD4+ regulatory T cells.
PTL-derived neonatal CD71+ erythroid cells regulate cytokine responses mounted by myeloid cells in the presence of microbial products
Neonatal CD71+ erythroid cells have also been implicated in the activation of myeloid cells. 21 Therefore, following the same strategy as before, CBMCs were depleted or mock depleted of CD71+ erythroid cells, stimulated with HKLM, and cytokine responses by myeloid cells were evaluated (Fig. 6A) . Depletion of CD71+ erythroid cells from CBMCs reduced the frequencies of PTL-derived CD11b+ myeloid cells expressing IL-6 (Fig. 6C), IFN-(Fig. 6D) , and IL-4 ( 
PTL-derived neonatal CD71+ erythroid cells indirectly modulate T-cell cytokine responses
In vitro stimulation with HKLM results in indirect T-cell cytokine expression by initiating innate immune responses. 45 We therefore evaluated whether CD71+ erythroid cells could regulate the expression of pro-and anti-inflammatory cytokines by PTL-derived neonatal T cells (Fig. 7A) . Depletion of CD71+ erythroid cells from CBMCs consistently reduced the frequencies of HKLM-stimulated PTL-derived neonatal T cells expressing TNF- (Fig. 7B ), IL-6
( Fig. 7C), IFN-(Fig. 7D) , and IL-4 (Fig. 7E) . Depletion of CD71+ erythroid cells from CBMCs did not change the expression of IL-10 on HKLM-stimulated PTL-derived neonatal T cells (Fig. 7F) . Depletion of CD71+ erythroid cells also reduced the expression of TNF- (Fig. 7B ), IL-6 (Fig. 7C) , IL-4 (Fig. 7E) , and IL-10 ( Fig. 7F) by unstimulated TILderived neonatal T cells. Together, these data suggest that PTL-derived 
DISCUSSION
Principal findings of the study are as follows: (1) 
Direct contact between PTL-and TIL-derived neonatal CD71+ erythroid cells and maternal mononuclear immune cells induces a proinflammatory response
The direct contact between PTL-and TIL-derived neonatal CD71+ erythroid cells and maternal mononuclear immune cells drives a proinflammatory response by increasing the release of IL-6, IL-1 , and TNF-and reducing the release of the anti-inflammatory cytokine TGF-. These findings contrast with a previous report demonstrating that the direct contact between neonatal and adult immune cells attenuates proinflammatory cytokine production. 21 A possible explanation for this discrepancy is that the previous study was performed using 6-day-old mice 21 and the current study included human cord blood samples from term and preterm neonates; therefore, it is likely that the function of CD71+ erythroid cells differs between species and age. The findings reported herein indicate that in the scenario where fetal CD71+ erythroid cells migrate into the maternal circulation, 33, 34 their direct interaction can result in an inflammatory response, which may contribute to the inflammatory process present in women who undergo PTL. 56 The biological relevance of these findings will be clar- neonates unleashes the activation of T cells. 21 A possible explanation for this discrepancy is that the previous study 21 used cord blood samples from term neonates with unknown labor status and we used those from preterm or term neonates whose mothers underwent spontaneous preterm or term labor, respectively. In addition, the majority of our samples were obtained from African American women, which may be different from the study population included in previous studies.
CD62L is also known as L-selectin, and its enhanced expression is associated with naïve-and memory-like T-cell phenotypes, whereas a reduction in the expression of this cell adhesion molecule occurs after T-cell activation. 38 Therefore, the downregulation of CD62L
is considered a marker of late T-cell activation. 59 The fact that the depletion of CD71+ erythroid cells reduced the frequency of PTLderived CD8+ T cells expressing CD62L indicates that such neonatal cells can also inhibit the process of late CD8+ T-cell activation.
Consistently, we found that PTL-derived neonatal CD71+ erythroid cells inhibit CD4+ and CD8+ T-cell proliferation. Together, these data suggest that PTL-derived neonatal CD71+ erythroid cells can inhibit late T-cell activation and proliferation. This is relevant since neonatal T-cell activation has been closely associated with PTL in cases with clinical chorioamnionitis. 60 In addition, maternal T-cell activation has been causally linked to PTL and fetal death. 61 cells) in vivo 67 and seem to participate in the mechanisms of maternalfetal tolerance during normal pregnancy. 68 In late pregnancy, however, maternal CD8+ regulatory T cells in the decidua regulate the timing of term parturition by IL-6-mediated mechanisms. 69 by myeloid cells. 21, 73 Yet, our data are consistent with previous observations demonstrating that fetal monocyte activation, as assessed by the expression of IL-6, is associated with the process of labor. 74 In addition, a more recent study has demonstrated that monocytes from preterm neonates display a high phagocytic activity but an impaired activation of ERK1/2 and NF-B pathways upon TLR stimulation. 75 Collectively, these findings suggest that PTL-derived neonatal CD71+ 
